Changes in frost indices in the New York's Catskill Mountains region, the location of water supply reservoirs for New York City, have potentially important implications. Frost day is defined as a day with T min < 0°C. The objective of this study was to investigate past and predicted changes in minimum temperature (T min ) and six frost indices in the Catskill Mountains covering six reservoir watersheds. Studied frost indices included (1) number of frost days, (2) number of months with frost, (3) last spring freeze date (LSF), (4) first fall freeze date (FFF), (5) growing season length (GSL), and (6) frost season length. Past changes in the frost indices were studied using observed daily T min for each watershed for the periods 1960-2008. Future changes in frost indices for the periods (2045-2065 and 2080-2100) were studied for emission scenarios (A1B, A2, and B1) downscaled from global climate models (GCMs). Results indicated a general increase in average T min and GSL and a decrease in number of frost days, months with frost, frost season length, earlier LSF, and later FFF from the historical to the future periods, and the magnitude of change varied among the watersheds and GCMs. For the period 1960-2000, in all watersheds (except Cannonsville), LSF occurred earlier by 2.6-4.3 days/decade, FFF occurred later by 2.7-3.2 day/decade, and GSL was longer by 2.4-4 day/decade. Among the scenarios and GCMs, LSF occurred earlier by 4-11 and 4.5-15 days/decade for the periods 2045-2065 and 2081-2100, respectively; FFF occurred later by 1-10 and 4-13 days/decade for the periods 2045-2065 and 2081-2100, respectively; and GSL was longer by 10-25 and 13-40 days/decade for the periods 2045-2065 and 2081-2100, respectively. The increase in GSL is expected to affect hydrologic, ecosystem, and biogeochemical processes with increased net primary productivity and a resulting increase in total annual evapotranspiration.
INTRODUCTION
Snow and ice are essential components of the global hydrological and energy cycles, and they are closely associated with the frost occurrence (Jylhä et al., 2008) . Numerous indices have been used to describe frost's impact on natural and managed ecosystems (Schwartz and Reiter, 2000; Feng and Hu, 2004; Ben-David et al., 2010; Zhou and Ren, 2011; Terando et al., 2012) . Indices make it easier to communicate information about climate anomalies to diverse audiences and allow scientists to assess climate anomalies quantitatively in terms of intensity, duration, frequency, and spatial extent, thereby providing important information useful for planning, designing, and management of applications (Tsakiris and Vangelis, 2005) .
Commonly used frost indices include the timing of the last frost day in spring and first frost day in fall of each year, number of consecutive frost days, duration of frost-free days, and length of growing season. Many of these indices are calculated using daily minimum air temperature (T min ).
Changes in frost indices have important implications in New York's Catskill Mountains region, the location of water supply reservoirs for New York City. More than 90% of the region is covered with forests. Snow is an important component of the region's hydrological systems, ecosystems, infrastructure, travel safety, winter tourism and recreation (Burakowski et al., 2008) . Studies have shown that an increase in temperature in the region has led to a decrease in snowpack accumulation and duration (Burns et al., 2007; Matonse et al., 2011; Pradhanang et al., 2011; Zion et al., 2011) . These changes will most likely force changes in the hydrology of the region by decreasing the proportion of precipitation falling as snow, shifting the timing of snowmelt and causing snowmelt-supplemented streamflow events to occur earlier in the spring or in late winter, which as a result will decrease the magnitude of traditionally high streamflows in April . More run-off during winter, in turn, can cause reservoir storage levels, water releases, and spills to increase during the winter and earlier reservoir refill in the spring . Changes in last frost day in spring, first frost day in fall, and growing season length (GSL), in turn will change the annual evapotranspiration, streamflow patterns, and the frequency of drought (Huntington et al., 2009 ). This will have profound direct and indirect effects on forest productivity, nuisance species (including pests, pathogens, and invasive species), wildlife, and forest nutrient cycling (Huntington, 2006; Campbell et al., 2009; Mohan et al., 2009) . Hence, investigating current and future climate change on a regional scale is essential to understand potential impacts on humans and the natural environment (Hayhoe et al., 2007) . The main objective of this study is to investigate the past and future changes in the frost indices in the Catskill Mountains region of New York State (NY).
STUDY REGION AND DATA
The study region is in the Catskill Mountains, part of the eastern plateau climate region of NY (Figure 1 ). The study area encompasses an area of about 4100 km 2 and consists of six reservoir watersheds: Cannonsville, Ashokan, Nerversink, Schoharie, Rondout, and Pepacton. The region contributes about 90% of New York City's water supply and has an elevation range of 125-1275 m . These mountainous watersheds are mostly forested with some agricultural landuse (corn, hay, and pasture lands) within the Cannonsville watershed and, to a lesser extent, also within the Schoharie and Pepacton basins. Except for a slight decline in agricultural activity in Cannonsville, there has been little change in land development over the past decade (Schneiderman et al., 2013) . The climate is classified as humid (Keim, 2010) with cool summers (with average minimum, maximum, and mean temperatures of 12, 22, and 18°C, respectively), colder winters (with average minimum, maximum, and mean temperatures of 0, 10, and 5°C, respectively), abundant snowfall, and yearround precipitation ; Figure 2 ). Typically, total precipitation is about 1000-1200 mm per year, with snowfall accounting for approximately 20% of total precipitation , and snowmelt historically contributes between 24% and 30% of total annual run-off in this region (Schneiderman et al., 2013) . The monthly mean snow water equivalent in the six watersheds for December to March are 5.0, 8.1, 9.3, and 2.7 mm/day, respectively . For Cannonsville, the snowfall is 50 mm/month during winter and contributes about 60% of the total winter precipitation during the 1958-1988 period Figure 1 . A map of the six reservoir watersheds in the Catskill Mountain region that provides approximately 90% of New York City's drinking water needs. The common grid cell to which all global climate model data were interpolated to is shown in the insert (Frei et al., 2002) . Evapotranspiration occurs at a much slower rate during the winter and March and April (periods of spring snowmelt) and occurs the greatest in the summer months with low streamflows . Observed minimum T min were obtained from the Northeast Regional Climate Center for four stations: Cooperstown, Liberty, Slide Mountain, and Walton (Figure 1) , and data for the period 1960-2008 was used in the study. The elevations of these four stations are 366, 472, 808 and 451 m above mean sea level, respectively. Slide Mountain is at a higher elevation when compared with the rest of the stations. Global climate models (GCM) simulations at daily timescale were obtained from the World Climate Research Programme's Coupled Model Intercomparison Project Phase 3 multimodel dataset. The simulations used in the study were for baseline scenario (20C3M), future scenarios (A1B, A2, and B1), and two 21st-century periods (2045-2065 and 2080-2100) . A list of the GCM simulations (name and realization number) used in the study is provided in Table I . The data from all the GCMs for the region surrounding the study region were extracted and interpolated to a common 2.5°grid by using bilinear interpolation technique.
METHODS

Estimation of daily temperature for a watershed
Frost indices were calculated for the study region ( Fig. 1 ) by using observed and future scenarios of climate inputs. The spatial averaging method includes applying an environmental lapse rate (6°C/km) to correct for elevation differences between the station and the mean elevation of each reservoir watershed and using inverse 
Delta change factor methodology
The scenarios of future T min were created using delta change factor methodology. More details of this method can be found in Anandhi et al. (2011) . In this method, the empirical cumulative distribution function of the simulated baseline (GCMb) and future (GCMf) climates were estimated. The cumulative distribution function was divided into 25 equal parts (bins), with each bin having four percentile (=100/25). Then, the mean monthly values of GCMb and GCMf climates were estimated for each bin using Equations (1) and (2).
The daily data in a month from all years of a scenario were pooled so Nb and Nf represent the total number of days associated with a given month during the baseline and future time periods for the nth change factor (n = 1-25). The Nb and Nf values varied depending on the month and number of years in the scenario period. Additive change factors associated with each frequency bin (CF add,n ) were calculated by taking an arithmetic difference between the mean bin value of a GCM variable derived from a current climate simulation and derived for the corresponding bin from a future climate scenario taken at the same GCM grid location (Equation 3). Using the time series of observed local values (LOb), pooled monthly data were evaluated to similarly define the range in values associated with each of the 25 bins of the variable frequency distribution. Based on the variable range defining bin (n) during month (m), the appropriate additive change factor was applied to obtain future scaled climate scenarios (LSf add,n,j ) of the variable for each day (j) of the scenario (Equation 4).
LSf add;n;j ¼ LOb n;j þ CF add;n (4)
Thus, for each month, 25 CFs are calculated for T min for combinations of GCM, future scenarios (A1B, A2, and B1), and two periods (2045-2065 and 2081-2100) (Table I) .
FROST INDICES
A number of definitions of a frost day are available in the literature. In numerous studies, a frost day is defined as a day with a T min less than a base temperature (T b ). Some of the chosen values for T b are presented in Table IIa . In this study, as with most other studies, a frost day was defined as a day with T min < 0°C (T b = 0°C). The frost indices used in the study are listed in Table IIb and include the number of frost days (nFDs), number of frost months (nFMs), last spring freeze (LSF), first fall freeze (FFF), GSL, and frost season length (FSL). Trend was estimated using the linear regression method.
RESULTS AND DISCUSSION
Minimum air temperature
Monthly mean daily T min for the six watersheds for the period 1960-2008 is plotted in boxplots in Figure 2a . January had the lowest daily T min values, whereas July recorded the highest value followed closely by August. The range of T min in the boxplots were due to the differences in six watersheds and interannual variations. The range was greatest (10-12°C) during the winter (December, January, and February), early spring (March), and mid-fall (October), and the difference during the rest of the months was 5-6°C ( Figure 2a) . The linear trend lines of the mean annual T min for the six watersheds are plotted in Figures 2b-f . In general, all six watersheds show an increase in T min . Among the watersheds, Cannonsville had the least increase in T min (0.1°C/decade), and Ashokan had the largest increase (0.6°C/decade). The differing rates of change in the T min could be due to differences in average elevation and land-use (Table III) between the watersheds.
The oscillations of atmospheric mass between high and midlatitudes are dominant patterns that characterize the northern hemisphere climate variability and are commonly referred to hemispherically as the Arctic Oscillation (AO) and regionally as the North Atlantic Oscillation (NAO) (Gong et al., 2002) . These oscillations are most prevalent in the winter season and occur over a wide range of timescales, from intraseasonal to interdecadal. The AO exists yearround but is strongest and most variable in winter, and contains expressions in surface air temperatures (Allen and Zender, 2010). The positive trend in the winter AO index is associated to warmer winter temperatures in the region in the second half of the 20th century (Overland et al., 2008) . At mid to high northern latitudes, the AO statistically explains 31% of the winter temperature and about 40% of the winter temperature trends (Schaefer et al., 2005) .
The NAO has been shown to exert a strong influence on climate in eastern North America via latitudinal shifts in the wintertime North Atlantic storm track and associated variations in temperature, precipitation, and cyclonic activity (Gong et al., 2002) . For the winter period, the NAO index increased significantly for the period 1948-2001 and has shown to modulate high-frequency (daily) winter climatic variation in high latitude continental regions (Huntington et al., 2004) and influence winter temperatures and precipitation. The positive NAO trends are similar to the AO trends in February and March but different in other months particularly in May and June when NAO trends are negative but AO trends are negligible (Zhou et al., 2001) .
Studies have shown that in mountainous terrain such as the study region, the lapse rate vary temporally (e.g. monthly, diurnal, and seasonal cycles) and spatially (e.g. aspect of slope, windward vs lee side, location relative to valley, and synoptic types) (Blandford et al., 2008; Minder et al., 2010) . However, there is sparsity of long term, high-resolution surface temperature measurements combined with the influences of local factors like cold air pooling and inversions, makes such quantification challenging. Daily T min lapse rates are more variable and tend to be steepest in spring with monthly lapse rate in Idaho during October to April, varied between 0.5 and 3.6°C/km (Blandford et al., 2008) . In another study in Cascade mountain during October to April, the annual mean and seasonal lapse rates in T min were 4.2°C/km and 4.5-6.0°C/km, respectively, whereas in the leeward and windward side, the lapse rates were 3.5 to 5.5°C /km and 2-6.5°C/km, respectively (Minder et al., 2010) . This study assumed a constant environmental lapse rate in estimating the average watershed T min , and so our results are subjective to varying lapse rates.
Boxplots of downscaled future T min for 18 GCMs (Table I) , two periods (2045-2065 and 2080-2100) , and three special report on emissions scenarios (SRES) (A1B, A2, and B1) are shown in Figure 3 (a, b) . In general, all GCMs show an increase in T min except for a few scenarios in June and July for the 2045-2065 period. The magnitude of increase in T min varies with month, GCM, scenario, and time, with a larger increase and range during the period 2080-2100 than in 2045-2065. The increase in T min was 2-3°C (median values) and 4-6°C (median values) during the periods 2045-2065 and 2080-2100, respectively. During the 2045-2065 period, winter (December, January, and February) and early spring (March-April) have a greater 
Frost index Frost index definition
Number of frost days (nFDs) The number of days with frost Number of frost months (nFMs)
The number of months with frost Last spring freeze (LSF)
The last frost (freeze) day is the last day when T min < 0°C in the period starting on 1 March and ending on 30 June.
First fall freeze (FFF)
The first frost (freeze) day is first day when T min < 0°C in the period starting on 1 September and ending on 30 November .
Growing season length (GSL)
The number of days between the LSF and the FFF Frost season length (FSL)
The number of days between the FFF and the LSF range among GCMs of up to 6°C. The range of increase among the scenarios also is wider for the period 2080-2100 compared with the period 2045-2065. Increases in T min during the winter and early spring may influence the timing of snowfall, the number of days of snow cover, frequency of alternating freezing and thawing events, depth, and accumulation and properties of snowpack (Huntington et al., 2009) .
NUMBER OF FROST DAYS
The nFDs in a month for the six watersheds for are plotted in boxplots in Figure 4a . In general, frost occurs in the Catskill Mountains during nine months, September through May; however, a few instances of frost occurred as late as June and as early as August. The variability in nFDs during spring and fall is high compared with the winter months and in general, greatest during the spring of the 1960-2008 historical period. January had the highest nFDs, followed by December, whereas September had the fewest nFDs (median values) during the normal nine-month frost period. The linear trend lines of nFDs in a year for the six watersheds are plotted in Figures 4b-h . In general, all six watersheds show a decrease in nFDs because of a gradual increase in T min . Among the watersheds, Cannonsville showed the lowest decrease in nFDs (À0.3 days/decade), and Ashokan had the highest decrease (À6.6 days/decade). During 1960 During -2008 , on an average, the nFDs in a year for all watersheds in Catskill declined from 177 to 163 days.
Boxplots of nFDs in each month during two future time periods (2045-2065 and 2080-2100) and three SRES scenarios (A1B, A2, and B1) are shown in Figure 5 (a, b) . In general, all GCMs showed a decrease in nFDs. The magnitude of the decrease varies with month, GCM, scenario, and time. The differences between A1B and A2 scenarios were less than B1 scenarios during the 2045-2065 period, but during the 2080-2100 period, A2 had the highest decrease followed by A1B and B1 scenarios. The decrease during the period 2080-2100 is generally more than that during the 2045-2065 period, with a median decrease of 5-10 and 8-12 days during the 2045-2065 and 2080-2100 periods, respectively. Winter (December, January, and February) had a lesser decrease in nFDs compared with fall and spring. The range of the decrease is generally wider for 2080-2100 scenarios than for 2045-2065 scenarios.
In mountain valley locations where diurnal temperature ranges can be quite high and the daily average and daily maximum temperatures could conceivably rise in association with greater frequencies of high pressure, while daily minimum temperatures could drop in association with ideal conditions for radiational cooling. Such a scenario could in fact increase the frost indices but result in much lower snowfall and a shorter duration of snow cover. Also, frost (e.g., ice crystals on the vegetation and/ or ground surfaces) may still occur even when the 2 m air temperature remains above freezing. So our results are subjective to varying definitions of frost day. Table I times six watersheds. The black dots in this figure and the red line in the previous figure (2a) represent the monthly mean observed values for the six West of Hudson watersheds Cannonsville watershed showed a slight increase of 0.1 day/ decade). The earlier occurrence in spring in eastern USA is statistically explained by the increasing trends in the winter AO since the 1960s (Schaefer et al., 2005) . FFF occurred in either October or November in 48 of 49 years for most watersheds. All watersheds experienced an increase in FFF (2.7-3.2 days/decade; Figure 6g -l), indicating that FFF generally occurred later in the fall. The nFMs decreased (figure not shown), with the LSF occurring earlier in the season, and FFF occurring later in the season.
Boxplots of LSF and FFF in future from 18 GCMs for two periods (2045-2065 and 2080-2100) and three SRES scenarios (A1B, A2, and B1) are shown in Figure 7 (a, b) . All GCMs showed an earlier LSF and later FFF, which is consistent with historical trends in LSF and FFF. The range of LSF and FFF among the GCMs is higher in 2080-2100 than in 2045-2065 for A1B and A2 emission scenarios. In most GCMs simulations (about 75%), LSF occurred earlier in the spring and FFF occurred later in fall during the 2080-2100. 
1960-2008, on an average, the GSL varied from 123-152 days in a year extending from May to late October. All watersheds showed an increase in GSL of about 2.7-7.5 days/decade. With a general increase in GSL, there was a decrease in FSL. On average, the FSL varied from 213-242 days in a year extending from November to May. Among the study watersheds, Cannonsville had the highest FSL (242 days) and least GSL (123 days), whereas Ashokan had the least FSL (213 days) and highest GSL (152 days).
Coherent associations between NAO and temperature indices such as nFDs and GSL were observed during 1951-2002 in northeastern USA (Brown et al., 2010) , and Cooperstown included in this study was one among the 40 stations used.
Boxplots of GSL and FSL from 18 GCMs for two future periods (2045-2065 and 2080-2100) and three SRES scenarios (A1B, A2, and B1) are shown in Figure 7 (c, d) . In general, all GCMs showed a decrease in FSL and an
A1B
A2 B1 Observed Increase in GSL will generally lead to an increase in annual evapotranspiration, and changes in LSF and FFF affect phenological events in the region such as bud break in spring and senescence and dormancy in the fall. The decrease in soil moisture during the growing season in substantial parts of eastern USA is likely attributed to increase in evapotranspiration and GSL rather than decreases in rainfall because the historical data do not suggest a decrease in summer rainfall during 1950-2000 period (Huntington et al., 2009) .
Some of the possible reasons for the variability in the frost indices are discussed. Among the four stations used in the study, Slide Mountain has a higher increase in T min and is at a higher elevation when compared with the rest. While estimating T min for each watershed (using inverse distance squared weighting averaging), Cannonsville is least influenced by Slide Mountain. Also, little change in land development over the past decade is observed in the watershed (Schneiderman et al., 2013) . Further, Ashokan watershed has a higher precipitation than Cannonsville watershed because of the south-east to north-west precipitation gradient across the region and the high elevation of the Slide Mountain station (Frei et al., 2002) . The total evapotranspiration in Cannonsville and Askokan are comparable, but the percentage of total precipitation lost as total evapotranspiration is higher for Cannonsville (60%) when compared with Ashokan (30-45%) because the precipitation gradient (Frei et al., 2002) . However the changes in GSL could change the total evapotranspiration and the period of low streamflow in the region.
Our results add local precision to the earlier findings that encompassed larger areas (Schwartz and Reiter, 2000; Adger et al., 2003; Kiktev et al., 2003; Feng and Hu, 2004; Christidis et al., 2007; Hayhoe et al., 2007; Trenberth et al., 2007; Hayhoe et al., 2008) . Earlier LSF, later FFF, and longer GSL could affect the hydrologic, ecosystem, and biogeochemical processes both positively and negatively (Huntington, 2006; Campbell et al., 2009; Mohan et al., 2009) .
CONCLUSION
Overall, our results indicated a general increase in average annual T min and GSL, a decrease in the number of frost-free days (nFFDs) and FSL, earlier occurrence of LSF, and later occurrence of FFF. These trends were detected in the historical record and were also seen in comparisons between baseline and future climate scenarios. For the period 1960-2000, in all watersheds (except Cannonsvelle), LSF occurred earlier by 2.6-4.3 days/ decade, FFF occurred later by 2.7-3.2 days/decade, and GSL was longer by 2.6-7.5 days/decade. The variability in the trends in the frost indices among the watersheds could be due to the variability among the stations, watershed elevation differences, south-east to north-west precipitation gradient across the region, and land development over the past decade in certain regions. The trends in the frost indices are also subjective to varying periods for which the analysis is carried out.
The direction of change in frost indices estimated from the GCM simulations in the region were the same in almost all the scenarios and time periods, however, the magnitude of change varied among the GCMs. A2 scenario during the period 2081-2100 showed a greater change compared to the other emission scenarios. Among the scenarios and GCMs, LSF occurred earlier by 4-11 days /decade and 4. 5-15 days /decade for the periods 2045-2065 and 2081-2100, respectively; FFF occurred later by 1-10 days / decade, and 4-13 days /decade for the periods 2045-2065 and 2081-2100, respectively; GSL was longer by 10-25 day /decade and 13-40 days /decade for the periods 2045-2065 and 2081-2100, respectively. Our results add local precision to the earlier findings that encompassed larger areas (Schwartz and Reiter, 2000; Adger et al., 2003; Kiktev et al., 2003; Feng and Hu, 2004; Christidis et al., 2007; Hayhoe et al., 2007; Trenberth et al., 2007; Hayhoe et al., 2008) . Some of the implications of these changes in the Catskill Mountains region are discussed.
However, one should be aware that this study assumes a constant environmental lapse rate in estimating the frost indices, and the errors associated with this assumption is unquantified but may be quite important. Also, these results are subjective to the different definitions of frost indices. In future, it would be interesting to correlate the changes in frost indices with the changes in snow statistics and number of days with snow. Also, in future, it would be interesting to study the impact of the changes in GSL on evapotranspiration and the period of low streamflow. Further in-depth study is necessary to understand the direct and indirect effects of these changes on forest productivity, nuisance species (pests, pathogens, and invasive species), wildlife, and forest nutrient cycling.
